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Abstract: Ionic selectivity across nanochannels is of great importance to biological activities as well as for designing 
novel molecular devices/sensors which has wide potential applications in nanotechnology. With the development of 
experimental and computational facilities and technologies, it becomes possible to study the ionic selectivity inside and 
across the nanoscale channels by both experiments and simulations. Because of the confinement effect, there are new 
physical phenomena in such nanotube that are not observed at macrofluidic or microfluidic size scales, including the 
anomalous hydration shell order, ionic selectivity based on the surface charge. These novel properties lay the foundation 
for the selectivity of the various types of ions. Several controlling methods for selecting ions are designed and 
developed, such as a controllable ion-selective nanopore (for selecting K+ and Na+) based on a single-walled carbon 
nanotube with specially arranged carbonyl oxygen atoms modified inside the nanopore, which was inspired by the 
structure of biological ionic channels; Nanopores in graphene sheets with different functional units have been applied to 
sieve cations of alkali metals or anions of group 17 element, respectively; The pore radius can also be determinant factor 
for choosing ions. Recently, the separation of the positive and negative ions has appealed more concerns. Inside of 
nanofluidic nanopores, negative and positive ions are manipulated analogously to semiconductor devices such as metal-
oxide-semiconductor field effect transistors, where negative and positive charged carriers are manipulated. In this 
review, we examine some of the recent advances in the dynamics of the ionic selectivity inside solid state nanoscale 
channels. 
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I. INTRODUCTION 

It is well recognized that the ionic selectivity at the 
nanoscale is of great importance for biological activity 
[1-9] as well as for designing novel molecular 
devices/machines/sensors, which has wide 
applications in nanotechnology [10-24]. Ionic selectivity 
in nanochannels has been first studied in ‘ion 
channels’, i.e. macromolecular pores in cell 
membranes [8]. The recent developments in synthesis 
techniques for organic and inorganic materials allow 
pore size to be controlled within the nanometre length 
scale, making it possible to synthesize various types of 
nanopores and nanochannels, and some of them have 
been applied for ionic selectivity. It should be noted that 
the origin of ionic selectivity in man-made pores and 
biological structures is different. In solid-state pores it is 
electrostatically-based ionic selectivity [11, 13], while 
the selectivity of biological channels relies on fine fitting 
between the size of ions and the pore diameter [1]. But 
as we know, in biological ionic channel the selective 
rate is very high which inspire many designs for the 
solid-state pores from the biomimic view [23]. Hence, 
the analysis and control of ion transport in nanofluidic  
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channels are fundamental both to understand the 
various functions of ion channels in cell membranes 
and to explore the various engineering applications of 
nanofluidics, such as sensing, ion-selective transport, 
and energy conversion and storage. 

To understand ion transport in nanofluidic channels, 
the first step is to understand the characteristic length 
scale of nanofluidics. This characteristic length scale 
depends on the changes in the intermolecular forces 
when in close proximity to a solid surface. These 
changes can be attributed to steric 
interactions/hydration (~2 nm range), van der Waals 
interactions (~50 nm), and electrostatic interactions 
(Debye length ~100 nm). Hydration interactions rely on 
the bond hydrogen forms with water molecules, as well 
as with other molecules. In order to bring two 
hydrophilic surfaces closer together, it is necessary to 
break the hydrogen-bonding network between them. 
Consequently, hydration is generally a repulsive 
interaction, since it is associated with the increased 
enthalpy necessary to break the bonds. van der Waals 
interactions occur due to induced dipoles arising from 
instantaneous fluctuations of the charge distribution 
around atoms and molecules. The characteristic range 
of length scales for van der Waals interactions is ~50 
nm. Electrostatic interactions occur in ionic solutions in 
proximity to a charged surface. The counter-ions are 
electrostatically attracted to such a surface, while the 
co-ions are repelled, thus making the ionic solution 
non-neutral with a non-zero potential. The diffusion of 
these ions in conjunction with electrostatic forces 
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creates a region in which the potential decays 
exponentially, with a characteristic length called the 

Debye screening length D = 0kBT / 2nbulkz
2e2 , 

where e is the dielectric constant of water, 0 is the 
permittivity of vacuum, kB is the Boltzmann constant, T 
is the absolute temperature, nbulk is the bulk ion 
concentration, z is the valency of the ions, and e is the 
charge of an electron. This non-neutral region of the 
ionic solution is called the electrical double layer, 
whose thickness is approximately that of the Debye 
screening length. Under most actual ionic conditions, 

D is between 1 and 100 nm. It is clear that the length 
scales over which various intermolecular forces 
operate in aqueous solutions fall within the range 1–
100 nm. Hence, if aqueous solutions were confined to 
these length scales, the transitions in their behavior 
could be observed, and then strategies to manipulate 
their properties for important engineering applications 
could be identified and realized.  

With the development of new experimental [10-22] 
and computational facilities [9, 23, 24, 25-28] and 
technologies, the selective behavior of ions at the 
nanoscale has been extensively investigated. When 
one kind of ions is selected, firstly they are allowed to 
transport across the nanochannel. To understand ion 
transport in nanofluidic channels, the first step is to 
understand the characteristic length scale of 
nanofluidics. This characteristic length scale depends 
on the changes in the intermolecular forces when in 
close proximity to a solid surface. These changes can 
be attributed to steric interactions/hydration (~1–2 nm 
range), van der Waals interactions (~1–50 nm), and 
electrostatic interactions (Debye length ~1–100 nm), 
i.e. in the biochannel and very narrow nanotube, the 
hydration structure plays a dominant role for the ionic 

selectivity. When the ion enters the very narrow 
nanopore, because of spatial constraints, water 
molecules need to be stripped off from the ion, inducing 
the high energy barrier and prevent the ion to transport 
across the nanotube (as shown in Figure 1). Bostick et 

al. have utilized a simple theoretical model of K+ and 
Na+ complexation with water (or carbonyl groups) [25], 
to verify the important effect of the ion hydration 
number on the selectivity. Their analysis has revealed 
that K+- or Na+-selective environments can be 
obtained if the coordination numbers of water 
molecules around the K+ or Na+ are constrained to be 
the same value as that in bulk water, but it is hard to 
control the hydration number by conventional methods 
in applications. Nanopores in grapheme sheets with 
different functional units have been applied to sieve 
cations of alkali metals or anions of group 17 element, 
respectively [26]. Results have showed that the broken 
hydroshell around the ions can be compensated by the 
charged nanopore rim. Two kinds of nanopores are 
designed for K+ and Cl- ions. Shao et al. [27] have also 
indicated that the ionic hydration within a carbon 
nanotube presents anomalous change and is critical for 
the ionic selectivity. More recently, Gong et al. present 
a design for a controllable ion-selective nanopore 
(molecular sieve) based on a single-walled carbon 
nanotube with specially arranged carbonyl oxygen 
atoms modified inside the nanopore, which was 
inspired by the structure of potassium channels in 
membrane spanning proteins (e.g., KcsA) [23]. Their 
molecular dynamics simulations show that the 
remarkable selectivity is attributed to the hydration 
structure of Na+ or K+ confined in the nanochannels, 
which can be precisely tuned by different patterns of 

 

Figure 1: Schematic of a single cation with its first hydration layer moving from bulk solution into a nanopore. Because of spatial 
constraints, water molecules need to be stripped off from the ion, creating anomalous hydration shell inside the nanopore. 
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the carbonyl oxygen atoms. The results also suggest 
that a confined environment plays a dominant role in 
the selectivity process. The second method for 
controlling the ionic selectivity is by using the 
electrostatically-based ionic selectivity. Recent 
theoretical and experimental studies have showed that, 
depending on the surface charge of nanopores, which 
have dimensions that coincide with characteristic 
physical scaling lengths of the fluid such as the Debye 
length, either negative or positive ions can be selected. 
Such behavior can only be observed in a confined 
environment and usually differs from the bulk state [29-
31]. It is also worth noting that the smaller the diameter 
of the nanopore, the higher is the efficiency of the 
selectivity. Swizy and coworkers [32, 33] have 
performed a series of studies that exploit the method 
for controlling the type of ions transported across cone 
shaped nanotubes with surface functionality, which act 
as ionic diodes that rectify the ionic flux. The integration 
of inorganic nanotubes into MOSFETs has been 
reported by Fan et al., which exhibit rapid field effect 
modulation of ionic conductance [17]. Recently, 
nanofluidic diodes based on longitudinal 
heterostructured SiO2/Al2O3 nanotubes have been also 
synthesized [15]. The ionic transport through such 
nanotube heterojunctions exhibits a clear current 
rectification, which is a signature of diode behavior. 
Due to the positively charged inner surface of Al2O3, 
negative ions are selected, whereas the negatively 
charged inner surface inside the SiO2 nanopore 
induces positive ion selectivity [15]. Metal nanotubule 
membranes exhibit a selective ion flux upon the 
electrochemical tuning of surface charges [34]. These 
results suggest the feasibility of developing single 
nanotube ionic field effect transistors. By using 
molecular dynamics simulations, Park et al. [35] were 
able to separate K+ and Cl- using a Y-junction carbon 
nanotube constructed from an (8,8) main branch 
nanotube connected to two smaller (5,5) and (6,6) 
branches. However, the mechanism that controls the 
transport of differently charged carriers through narrow 
nanochannel (diameter is smaller 5nm) still needs to be 
explored.  

In this review, we examine some of the recent 
advances in the ionic selectivity inside very narrow 
nanochannels. This article includes four sections. In 
section 2, we review some of the properties of 
hydration shell structure around ions inside 
nanochannels and the confinement effect. Section 3 is 
focused on the sieve/ valve phenomena for Na+/K+ or 
Na+/Cl- and the underlying mechanisms. Finally, in 
section 4, conclusions and discussions are presented. 

II. PROPERTIES OF HYDRATION SHELL 
STRUCTURE AROUND IONS INSIDE 
NANOCHANNELS 

Among various ions, Na+ and K+ have received 
special attentions because of their important role in 
biological and chemical fields. Potassium (K+) 
channels are composed of tetrameric 
membranespanning proteins and are most remarkable 
in their ability to differentiate K+ from Na+ by more than 
a thousandfold [36]. The recently solved structure of 
potassium channels inside Streptomyces lividans 
(KcsA channel) shows that there are precisely 
arranged arrays of carbonyl oxygen atoms in the 
entrance of the pore, which play an important role in 
efficiently recognizing and guiding the passage of K+. 
In each binding site of KscA, a K+ ion is bound to about 
eight carbonyl oxygen atoms which mimic the hydration 
shell of K+ in solution. Originally, it was thought that K+ 
selectivity in KscA arises from the tight fit with these 
carbonyl oxygen atoms, the geometry matching that of 
the hydration shell of solvated K+ in bulk water (the so-
called “snugfit” hypothesis) but was too large for Na+ 
[8]. However, current molecular dynamics (MD) 
simulation results are contrary to the “snugfit” 
hypothesis and show that dynamic carbonyl ligands in 
KscA can collapse around Na+ and provide an optimal 
coordination radius [5]. Recently, it was realized that 
when ions are confined within nanopores (including 
biochannels or inorganic nanopores), the ionic 
hydration is much different from that found in bulk 
solution and has important effects on the ionic 
selectivity across the biochannel [37, 38]. Bostick et al. 
have utilized a simple theoretical model of K+ and Na+ 
complexation with water (or carbonyl groups), to verify 
the important effect of the ion hydration number on the 
selectivity [25]. Their analysis has revealed that K+- or 
Na+-selective environments can be obtained if the 
coordination numbers of water molecules around the 
K+ or Na+ are constrained to be the same value as that 
in bulk water. Recently, Corry et al. have studied the 
mechanism for Na+ selectivity inside newly published 
crystal structure of a prokaryotic sodium channel. The 
simulation results show that the selectivity arises due to 
the inability of K+ to fit between a plane of glutamate 
residues with the preferred solvation geometry that 
involves water molecules bridging between the ion and 
carboxylate groups [9]. Consequently, the K+/Na+ 
selectivity can be controlled by modifying the structure 
of the ligands (water or carboxylate groups inside the 
nanochannel) in the first hydration shell of ions and the 
coupling effects with the confinement environment. In 
Figure 2, we show the hydration shell of ions in the bulk 
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solution and in the inner-modified nanotube. It is clear 
that the average hydration number of K+ and Na+ ions 
in the bulk water solution and within the nanopore was 
calculated. In bulk water, the optimal coordination 
number ranges from 7 for K+ to 6 for Na+, resulting 
in an absence of selectivity for K+ and Na+. The 
obtained coordination number for K+ and Na+ in bulk is 
in excellent agreement with the data from X-ray 
diffraction [39]. According to these earlier analyses, 
Na+ strongly prefers 6-fold coordination. The 
comparatively softer K+ ion displays a broader range of 
satisfactory coordination numbers (six to eight), 
favoring 7-fold and 8-fold coordination nearly equally. 
When ions enter the nanochannel, we can see the 
hydration number is different according to the diameter 
of the nanochannel. Shao et al. also point out that the 
dipole of the water molecules in the hydration shell is 
different from that in the bulk state [40]. They have also 
studied the temperature on the hydration structure of 
the different ions (Li+, Na+, K+, F-, Cl-) inside 
nanotube. The theoretical results show the structure 
order of the shell of cations in the CNT is still less than 
that in the bulk solution at 683 K, indicating the effect of 

the CNT does not vanish, just becomes minor at the 
high temperature. The difference of hydration shell for 
cations and anions inside the nanotube have been 
studied in recent papers. The first coordination shells of 
cations are considerably less ordered in the nanotube 
than in the bulk solution, whereas the change of the 
first coordination shell structures of the anions is minor.  

III. THE SIEVE/VALVE PHENOMENA FOR Na+/K+ 
OR Na+/Cl- AND THE UNDERLYING MECHANISMS 

 From the above analysis, the hydration shell 
structure of the ions play a dominant role in ionic 
selectivity across the narrow nanochannel. Some 
designs are proposed to manipulate the hydration shell 
structure of the ions inside the nanochannel to obtain 
the controllable ionic selectivity. As shown in Figure 3A 
[23], the molecular configuration consisted of a (9,9) 
single-walled carbon nanotube 13.4 Å in length and 
6.01 Å in radius, embedded in the vertical direction 
between two graphite sheets (see Figure 1) to simulate 
the nanotube and graphite sheets solvated in a salt 
solution reservoir containing NaCl and KCl for 305 ns 

 

Figure 2: The possible distribution of hydration numbers for Na+ (black square) and K+ (red circles). The raw distributions are 
well represented by Gaussian probability models (solid lines). (A) In bulk, (B-D) in different inner modified nanotube. The 
inserted graphs are the snapshots from simulations showing details of the first hydration shell around the ions. 
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for the different modified patterns. Eight or sixteen 
carbonyl oxygen atoms were modified inside the 
nanotube, which were connected to the carbon atoms 
by carbon-oxygen bonds and free to vibrate around the 
equilibrium sites during the simulation. Four carbonyl 
oxygen atoms are aligned in one row, resulting in four 
rows of carbonyl oxygen. We designate these four rows 
as row 1, row 2, row 3, and row 4. Rows 1 and 3, and 
rows 2 and 4, face each other and are symmetrical 
about the axis. Figure 3B shows the top view of the 
modified nanotube. To simplify the discussion, we 
denote the nanotube with this pattern as type 1, and if 
we change the modification pattern slightly by setting 
the z axis of the oxygen atoms in rows 1, 2, 3, and 4 to 
the same value (i.e., no shifts as the type 1), we 
designate this model system as type 2. The modified 
pattern was inspired by the potassium channel which 
has about sixteen carbonyl oxygen atoms in the 
selective filter.4 If there are only eight carbonyl oxygen 
atoms in the nanotube, i.e., only row 1 and row 3 exit, 
the model system is denoted as type 3. The nanotube 
without carbonyl oxygen atoms, namely type 0, was 
also prepared for purposes of comparison. 

From a plot of the average coordination numbers of 
Na+ and K+ in type 1, type 2, and type 3 nanopores, it 
is clear that the hydration shell number of the selected 
ion across the nanopore is similar to that in bulk water. 
Hence, the selected ion can enter the pore more easily 
than another ion with a less hydration shell number in 
the nanopore, thereby inducing the ionic selectivity. In 
the case of the type 1 nanopore, the coordination 
numbers for K+ inside the nanopore is 8, similar to 

that in bulk water, and thus K+ can easily transport 
across the nanopore with less energetic hindrance. For 
Na+ ion, the coordination number is only 4, which is 
less than the value in the bulk solution. In this case, 
Na+ ions are less hydrated when entering the type 1 
nanotube and the transportation of Na+ across the 
nanopore is energetically unfavorable. This stripping 
induces the enthalpic and entropic changes that affect 
the ionic selectivity inside the narrow nanopore. In the 
type 2 nanopore, the coordination numbers for K+ and 
Na+ inside the nanopore are about 8 and 6, in the 

 

Figure 3: (A) A snapshot of the simulation system. (B) The simulation box has a size of Lx = 5.0 nm, Ly = 5.0 nm, Lz = 5.0 nm. 
Images are created by visual molecular dynamics (VMD).  

 

Figure 4: The model system. The carbon nanotube and 
graphite sheets are shown in dark green structures. The blue 
and green balls represent of Na+ and Cl- ions, respectively. 
The external charge +2 e is the magenta ball, whereas the 
white ball is the opposite charge -2 e for neutralizing the 
whole system. The red and white pillars are representative of 
oxygen and hydrogen atoms in water molecules.  
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range of the optimal coordination number, and both 
ions are equally transported across the channels, 
resulting in no ionic selectivity. As for the type 3 
nanopore, the hydration numbers for K+ and Na+ 
inside the nanopores are 5 and 6, respectively. The 
hydration number of Na+ within this type of nanopore is 
very similar to that of Na+ in bulk water, while K+ ions 
are significantly less hydrated, thereby inducing Na+ 
selectivity. 

However, it is still technically difficult to control the 
surface charge distribution inside the nanotube, and to 
resolve the dynamics of the few ions contained in the 
nanopore volume [11]. The mechanism that controls 
the transport of differently charged carriers in electronic 
devices established in the area of nanofluidics still 
needs to be explored. The precise control of the 
selectivity of the positive or negative charge by other 
methods is an attractive issue worth investigating. 
Gong et al. report the rapid field effect control of 
electrical conductance in single nanotube nanofluidic 
transistors [24]. Their polarity switching is based on 
negative and positive ion selectivity which, in turn, is 
controlled by an external charge. This process differs 
from the conventional method that controls the polarity 
of nanotubes by the inner surface charge. The system 
consisted of a (9,9) single-walled carbon nanotube 
(SWNT) 13.4 Å in length and 6.7 Å in radius, 
embedded in the vertical direction between two 
graphite sheets, as shown in Figure 1. A charge with a 
quantity +2.0 e was set at the middle of the SWNT (z = 
0). To our surprise, the polarity of the channel (i.e., Na+ 
or Cl- selectivity) was very sensitive to the distance 
between the +2.0 e charge and the wall of the SWNT. 
We designated this system as positive-control system. 
A system with negative charge -2.0 e and a system 
without any external charges, termed as negative-
control system and the tube system, respectively, were 
also prepared for comparison. In this model, the type of 
dominant ions inside the nanochannel can be tuned by 
the distance between an external charge and the 
nanotube. The competition between ions and external 
charge to tune the external hydration structure of ions 
plays an important role in the selectivity, as shown in 
Figure 5. A conclusion has been obtained that the 
higher the loss of order in the coordination shell of the 
ion, the lower the interaction energy between the ion 
and the ligands, and the entry of the ion into the 
nanopore becomes less favorable. These results 
provide a new design for controlling the type of ions 
inside nanofluidic systems. In turn, the system can also 
act as a voltage sensor by detecting the type of ions 
across the channel.  

 

Figure 5: The transport number of Na+ and Cl- ions as a 
function of the radial distance D in a positive-control system. 
The insert plots are the alignment of water molecules in the 
hydration of Na+ (blue ball) and K+ (green ball) ions when D 
is 2 and 9 Å, respectively.  

IV. CONCLUSIONS AND DISCUSSIONS  

Ionic selectivity inside solid-state nanoscale 
channels have been mainly studied by numerical MD 
simulations. Observations of ionic selectivity inside 
biological channels, and inside hydrophobic carbon 
nanotubes are two of the major motivations to begin 
and continue the study. Since then, many unexpected 
phenomena of ionic selectivity have been observed 
and the mechanism has been uncovered. These 
include the abnormal hydration shell structure of ions 
due to confinement of nanopore in which ionic 
selectivity is induced by modifications of the water–tube 
interaction, channel radius, the water-ions interactions 
mediated by the external electric field. The selectivity of 
Na+/K+ ions is obtained by using different diameter of 
nanotube and by different inner-modification pattern. 
By using the external electric field, we can tune the 
selectivity of the Na+ to Cl- ions. The progress made is 
helpful to the understanding of the dynamics of the 
biological channels as well as the designing of novel 
molecular/nanoscale devices/machines/sensors. 

Despite the difficulties in experimental settings and 
measurements at the nanoscale, the selectivity of ions 
through nanotubes has been measured and an 
extraordinary fast flow has been observed. 
Theoretically, inspired from the structure of the 
biological ionic channels and demonstrated by MD 
simulations, a molecular sieve for selecting Na+/K+ has 
been designed and demonstrated. A nano-valve for 
tuning selection from Na+ to Cl- is proposed. All of the 
progress made shows the potential applications of the 
solid-state nanochannels for ionic selectivity, which 
motivates further studies towards this direction. 
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